Acute lung injury (ALI) or its severe form, adult acute respiratory distress syndrome (ARDS), is an important cause of mortality in the human population (4) . ALI is characterized by an extensive neutrophil influx into the lung, the expression of proinflammatory mediators, and damage of the lung epithelium and endothelium (15, 31, 38) . Despite significant advances made in the past few decades, the mortality associated with ALI remains unchanged (35) . Therefore, improved treatment and prevention strategies are warranted to minimize the mortality associated with this disease.
The onset of ALI is often an early symptom of multiple organ failure associated with sepsis, which is associated with elevated blood levels of endotoxin or lipopolysaccharide (LPS) derived from gram-negative bacteria. LPS has therefore been considered the principal component in the induction of ALI (5) . Recognition of LPS by a host receptor(s) is the first step in a multistep sequence leading to the activation of a plethora of signal transduction cascades in a variety of lung cells. The downstream effectors of these pathways then result in the production of a variety of inflammatory mediators, including proinflammatory cytokines and chemokines, adhesion molecules, reactive oxygen species, and nitric oxide, by various cell types in the lungs (7, 22, 27) . Despite considerable progress in elucidating these mediators, their role in the development of ALI is not well understood for several reasons. First, it is likely that the full spectrum of inflammatory mediators that are expressed during the course of ALI remains unknown. Secondly, the temporal pattern of individual mediators alone or in combination is largely unknown. A better understanding of the pathogenesis of ALI may result from understanding the temporal expression levels of inflammatory genes that contribute to ALI. In this context, several previous studies have shown that a rodent model reproduces several features of ALI in humans (12, 21) , including neutrophil influx and severe lung damage.
With the advent of oligonucleotide microarray technology, it is now possible to analyze global gene expression patterns in the lungs, which may provide novel insights into the pathogenesis of ALI at the molecular level. In the past, oligonucleotide microarrays have been used extensively to study human neutrophils that are important for the induction of ALI in humans after stimulation with Escherichia coli LPS (23, 36) . Furthermore, a recent study compared global gene expression patterns in mouse lungs with ALI for wild-type C57BL/6 and inducible nitric oxide synthase (NOS2) gene-disrupted mice at a single time point (24 h) after LPS exposure (25) . However, no previous studies have compared global differences in gene expression in the lungs after LPS stimulation in a temporal manner. Therefore, the goal of the present study was to use oligonucleotide microarrays to explore the alterations in the transcriptional program of the lung in a mouse model of ALI induced by E. coli LPS. The present study provides important information relating to the changes in inflammatory gene expression in mouse lungs in a temporal manner upon aerosolization with LPS from 1 to 24 h, which could serve as a basis for future investigations on the role(s) of various gene products in the pathogenesis of this important respiratory disease which is associated with severe lung inflammation.
MATERIALS AND METHODS
Animals. Female C57BL/6 mice (8 to 10 weeks old) were purchased from Harlan Sprague-Dawley (Indianapolis, Ind.). Toll-like receptor 4 (TLR4) mutant mice (TLR4 mt ; C3H/HeJ) were purchased from Jackson Laboratory (Bar Harbor, Maine); this mutation results in resistance to the pathophysiological effects of LPS (26) . Wild-type C3H/HeN mice (TLR4 wt ; Harlan Sprague-Dawley) were used as controls for TLR4 mt mice. All animal experiments were conducted in accordance with National Jewish Medical and Research Center Review Boardapproved protocols. All animals were maintained under specific-pathogen-free conditions.
Reagents. E. coli LPS (O111:B4), hexadecyl trimethylammonium bromide (HTAB), KH 2 PO 4 , K 2 HPO 4 , O-dianisidine, sterile distilled water, phosphoric acid, and Tween 20 were purchased from Sigma Chemical Co. (St. Louis, Mo.). Phosphate-buffered saline (PBS) was purchased from Mediatech Inc. (Herndon, Va.), and complete protease inhibitor tablets were purchased from Roche Biochemicals (Indianapolis, Ind.). The chemokine LIX, an anti-mouse LIX antibody (MAB433) and its isotype control antibody (MAB0061), capture antibodies, biotinylated blocking antibodies, and cytokine standards were purchased from R&D Systems (Minneapolis, Minn.). Twenty-gauge shielded intravenous catheters were obtained from Beckton Dickinson (Sandy, Utah), and heparin was purchased from Abott Labs (North Chicago, Ill.). TaqMan fluorogenic probes and PCR kits were purchased from PE Applied Biosystems (Foster City, Calif.), and TMB substrate-H 2 O 2 were obtained from Kirkegaard & Perry Laboratories (Gaithersburg, Md.). Isotonic (0.9%) saline was purchased from Baxter Corp. (Deerfield, Ill.). All experiments were performed with LPS-free glass-and plasticware.
Exogenous LIX administration. The LPS-induced CXC chemokine (LIX) (3 g dissolved in 60 l of PBS), antibody-treated LIX (3 g of LIX was incubated with 30 g of an anti-LIX or isotype-matched control antibody on ice for 1 h; the final volume was 60 l), or 60 l of PBS (as a control) was administrated intratracheally to mice, and bronchoalveolar lavage fluid (BALF) and lungs were collected at 2, 8, and 24 h posttreatment. These mice were not exposed to LPS. This concentration of LIX was used because LPS induces approximately 3 g of LIX in the lungs in response to 300 g of LPS/ml for 20 min in a mouse model of LPS-induced ALI (S. Jeyaseelan and G. S. Worthen, unpublished data) Model of LPS-mediated ALI. The model of LPS instillation into the lung was previously described in detail (24) . Briefly, mice were exposed to 300 g of LPS (from strain O111:B4)/ml in 0.9% saline or to 0.9% saline alone as a control by aerosolization for 20 min. One, 2, 4, 8, 12 , and 24 h after LPS treatment, mice were sacrificed for BALF and lung collection. In another set of experiments, mice were pretreated with either an anti-LIX antibody or its isotype-matched control antibody (rat immunoglobulin G2B) 2 h prior to LPS exposure. The mice were anesthetized with Avertin (333 mg/kg of body weight), and 30 g of antibody (dissolved in 60 l of PBS) or 60 l of PBS (as a control) was administered intratracheally into the lungs. We used a concentration of 30 g/mouse based on the maximal inhibition of LPS-induced LIX activity in vivo (Jeyaseelan and Worthen, unpublished data). Antibody-treated mice were then exposed to 300 g of LPS/ml for 20 min and were sacrificed at 8 or 24 h post-LPS treatment for the collection of BALF and lungs.
BALF collection. BALF was collected as previously described (24) . Briefly, BALF was collected by cannulating the trachea with a 20-gauge shielded intravenous catheter, instilling 0.8 ml of sterile PBS containing 0.2 U of heparin and complete protease inhibitor (one tablet per milliliter) four times, and collecting the fluid by gentle aspiration. A total of 3.0 ml of BALF was centrifuged for 5 min at 400 ϫ g in a Southern Cytospin centrifuge (Shandon Inc., Pittsburgh, Pa.) onto Superfrost/plus microscopic slides (Fisher Scientific Inc., Pittsburgh, Pa.), and BALF cells were stained by the Diff-quick method (Fisher Scientific Inc.). The resulting fluid was passed through a 0.45-m-pore-size filter and used immediately or stored at Ϫ70°C for measurements of LIX, tumor necrosis factor alpha (TNF-␣), and macrophage inflammatory protein 2 (MIP-2) by enzyme-linked immunosorbent assays (ELISAs).
Lung tissue harvesting for cytokine measurement. Mice were humanely sacrificed, and their lungs were excised. The whole lungs were snap frozen and homogenized, and the resulting homogenates were incubated on ice for 30 min and then centrifuged at 300 ϫ g for 20 min. The supernatants were harvested, passed through a 0.45-m-pore-size filter, and used immediately or stored at Ϫ70°C for measurements of LIX, TNF-␣, and MIP-2 by ELISAs.
Lung MPO assay. A myeloperoxidase (MPO) assay, an index of neutrophil sequestration in the lungs, was performed as described previously (1). After BALF collection, isolated whole lungs were weighed and frozen at Ϫ70°C, and 50 mg of tissue was homogenized in 1 ml of HTAB buffer (5 Total RNA isolation and quality check. Fresh lungs were harvested at designated time points, and total RNAs were isolated by the use of Trizol reagent (Invitrogen Inc., Carlsbad, Calif.) and then stored at Ϫ70°C until use. An additional RNA purification step was conducted with an RNeasy kit (Qiagen, Valencia, Calif.), and a DNase I treatment was performed according to the manufacturer's recommendations (Ambion Co., Austin, Tex.) to eliminate contaminating DNAs for target preparation and real-time PCR. All RNA samples with a ratio of A 260 to A 280 between 1.8 and 2.1 were used for experiments. The quality of the RNA was also checked by running 300 ng of each sample on a Lab-On-A-Chip (Caliper Technologies Corp., Mountain View, Calif.) which was evaluated on a bioanalyzer (Agilent Technologies, Palo Alto, Calif.), and only nondegraded RNA samples were used for microarray and reverse transcription-PCR (RT-PCR) experiments.
cRNA (target) preparation and GeneChip processing. A mouse Moe430 microarray set that represents approximately 23,000 mouse genes and expressed sequence tag clusters was used to determine the changes in mRNA expression in response to E. coli LPS. Briefly, 5 g of the total RNA was used as a starting material for each reaction. Single-stranded and then double-stranded cDNAs were synthesized from the poly(A ϩ ) mRNA present in the purified total RNA by use of a SuperScript double-stranded cDNA synthesis kit (Invitrogen Corp.) and poly(T) nucleotide primers that contained a sequence recognized by T 7 RNA polymerase. The resulting double-stranded cDNAs were used as templates to generate biotinylated cRNAs by in vitro transcription reactions with a Bio-Array High-Yield RNA transcript labeling kit (Enzo Diagnostics Inc., Farmingdale, N.Y.). Twenty micrograms of each resulting biotinylated cRNA was fragmented into strands of 35 to 200 bases in length according to the manufacturer's protocol (Affymetrix GeneChip expression analysis technical manual). Subsequently, 10 g of this fragmented cRNA (target) was hybridized at 45°C with rotation for 16 h (Affymetrix GeneChip Hybridization Oven 320) to probe sets present on a Moe430A array. The GeneChip arrays were washed and then stained with streptavidin-phycoerythrin on an Affymetrix GeneChip Fluidics 450 station, followed by scanning on a GeneArray scanner (Hewlett-Packard, Palo Alto, Calif.).
We employed several parameters to ensure the quality of our targets (cRNAs). (i) Ratios of 3Ј to 5Ј sequences of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and ␤-actin of Ն2 were used, as suggested by Affymetrix. Briefly, the GeneChip system (Affymetrix) utilizes polyadenylation-complementary oligonucleotides as primers for the labeling of cRNAs. The polyadenylation is usually located downstream of the 3Ј end of transcripts. When an RNA is somehow degenerated, the 5Ј moiety of a transcript is not well labeled. In contrast, its 3Ј moiety may be relatively well labeled even though the RNA is degenerate. Thus, the 3Ј/5Ј ratio of housekeeping genes may represent the RNA quality. (ii) The efficiency of cRNA preparation was examined by calculating the A 260 /A 280 ratio by use of a spectrophotometer, and only cRNAs with a ratio between 1.9 and 2.1 were used. (iii) We also used an Agilent bioanalyzer to determine the purity of cRNAs before and after fragmentation, and only nondegraded samples were used. cRNAs that fulfilled all of the above criteria were used for fragmentation, followed by hybridization. In addition, we always included known concentrations of biotinylated cRNAs of four spiked noneukaryotic (prokaryotic) genes, bioB, bioC, bioD, and cre, to determine the hybridization efficiency, as suggested by Affymetrix (GeneChip expression analysis technical manual). In addition, we only studied cRNA samples showing Ն65% hybridization with genes on the chip, with this percentage serving as an additional hybridization control parameter. Subsequently, as a global normalization strategy before we performed the microarray analysis, we normalized all of the arrays to 100, as suggested by Af-7248 JEYASEELAN ET AL.
INFECT. IMMUN. fymetrix, by using the following formula: average intensity ϫ scaling factor ϭ target intensity. Housekeeping genes, including GADPH, ␤-actin, transferrin receptor, and pyruvate carboxylase, were included in the microarray as internal controls, and their values were comparable in LPS-and saline-treated arrays (data not shown).
Microarray data analysis. Primary data from the microarray experiments were analyzed by the use of algorithms within GeneSpring software (version 6.0; Silicon Genetics, Redwood City, Calif.) as described previously (14) . Briefly, each chip for mice that were treated with LPS at a particular time point was compared with its saline-treated replicates. Each chip was first normalized to the 50th percentile by the use of GeneSpring software. Thereafter, the normalized data were sorted for robust changes, both increases and decreases, by use of the following criteria: (i) selection of probes that were present in two of three arrays; (ii) elimination of all probe sets with ratios or fold changes of Ͻ2.0 (for increases) in LPS arrays since previous studies with various mouse organs demonstrated that this is a stringent cutoff value for organ-specific gene expression (2, 6); and (iii) selection of all probe sets with P values of Ͻ0.05 (for increases in LPS arrays by Student's t test). The ratio estimates the magnitude and direction (increase) of change of a transcript compared with its counterpart in a salinetreated array by comparing each probe set on the experimental array to the corresponding probe pair on the saline-treated (control) array. Genes showing a fold change of Ն2 were filtered and are listed in Table 1 . At least six animals were used for each time point (three LPS-treated mice and three controls). Using the above criteria, we identified a total of 71 inflammation-associated genes. To give further power to the microarray data obtained by using GeneSpring, we processed the normalized microarray data through a statistical program, significance analysis of microarrays (SAM; Stanford University, Stanford, Calif. [www -stat.stanford.edu/ϳtibs/SAM/]), as described previously (37) , which determines the strength of the relationship between gene expression and treatment conditions (e.g., LPS treatment versus saline treatment). We chose a ⌬ value of 0.8, which generated a false discovery rate of 1%, and found that the 71 inflammation-associated genes were true positive results. To further validate the microarray data obtained by using GeneSpring, we also used microarray suite software (MAS 6.0; Affymetrix) (14) , which uses a different algorithm from that used by Genespring or SAM, to confirm whether the up-regulated 71 genes had P values of Ͻ0.05. This software uses raw microarray data for one-to-one comparisons (one array to another) by the one-step Tukey's biweight method after abolishing the differences between perfectly matched and mismatched intensities by using Wilcoxon's signed rank test. We confirmed the 71 genes between LPS-and saline-treated arrays on a one-to-one basis (one LPS-treated array versus one saline-treated array) at each time point and found that all 71 genes in each comparison at all time points had P values of Ͻ0.005.
Real-time RT-PCR analysis. We used total RNAs from the same microarray experiment and from additional animals that were subjected to LPS aerosolization. The differential expression of 12 selected genes on the microarrays was further validated by real-time RT-PCR as described previously (39) . The primers and probe sequences are listed in Table 2 . A total of 10 animals were included at the 4-h time point (5 LPS-treated and 5 saline-treated mice) for real-time RT-PCRs since most of the chosen genes were significantly up-regulated at this time point. The RT reaction was performed by using 1 g of total RNA and random hexamers in a 50-l reaction as suggested by the manufacturer (PE Applied Biosystems, Foster City, Calif.). Taqman PCRs were performed on an ABI Prism 7700 sequence detection system (PE Applied Biosystems). The 50-l PCRs contained 30 ng of cDNA, a 100 nM fluorogenic probe, a 50 nM concentration of each primer (IDT Technologies, Coralville, Iowa), and other components from a TaqMan PCR kit. The initial denaturing time was 10 min at 95°C, followed by 40 PCR cycles consisting of 95°C for 15 s, 60°C for 1 min, and 72°C for 10 s. A melting curve was run after the PCR cycles, followed by a cooling step. The specificities of the PCRs for both specific genes and GAPDH were verified by the absence of a signal in reactions without template and reactions without the addition of RNA isolated from the lungs (RT-negative reactions). The mRNA expression of all samples was normalized to that of GAPDH, a housekeeping gene from the same sample. Each experiment included a negative control in which the template was not included in the RT reaction and a cDNA was not included in the PCR. The cycle threshold (C T ) value indicates the number of PCR cycles that are necessary for the detection of a fluorescence signal exceeding a fixed threshold. The fold change (FC) was calculated by using the following formulas as described previously (9): ⌬C T ϭ C T (GAPDH) Ϫ C T (target gene) and FC ϭ 2
͑⌬CT2Ϫ⌬CT1͒
, in which ⌬C T1 represents the mean for LPS-treated lungs and ⌬C T2 represents the mean for saline-treated lungs. The product sizes with the primers used were Ͻ100 bp.
ELISAs. The method used to measure proteins in BALF and the lungs was described previously (24) . The minimum detection limit was 2 pg of cytokine/ml (24) . We used proteins from murine lungs (1:50 dilution) and BALF that were a Data are presented as average fold increases compared to levels in control lungs (n ϭ 3 mice for each time point). NC, no change; i.e., the LPS-induced average increase was less than twofold compared to saline-treated (control) lungs.
b Expression was validated by a Taqman-based real-time RT-PCR as indicated in Table 3 . GAPDH  AGGTTGTCTCCTGCGACTTCA  CCAGGAAATGAGCTTGACAAAGTT  AGCAACTCCCACTCTTCCACCTTC  LIX  GCCGCAGCTCAGCTGAA  CCTCCAAATTAGCGATCAATTTG  TGCGTTGTGTTTGCTTAACCGTAACTCCAA  IP-10  TCAAGCCATGGTCCTGAGACAA  CGCACCTCCACATAGCTTACAG  CATCCCAGCCACTTGAGCGAGGAC  IL-6  TCAATTCCAGAAACCGCTATGA  CACCAGCATCAGTCCCAAGA  TCTGCAAGAGACTTCCATCCAGTTGCC  MIP-2  CACTCTCAGGGCGGTCAAA  CAGGTCAGTTAGCCTTGCCTTT  CCCTGGTTCAGAAAATCATCCAAAAGA  MIP-3␣  CCTTGCTTTGGCATGGGTACT  GCAACAGTCGTAGTTGCTTGCT  TGGCTCACCTCTGCAGCCAGGC  KC  TGTCAGTGCCTGCAGACCAT  GTGGCTATGACTTCGGTTTGG  CATCCAGAGCTTGAAGGTGTTGCCCTC  TNF-␣  CCCAA GC CCACATCT  CGTCGCGGATCATGCTTT  AGAAAAGACACCATGAGCACA  SOCS3  AAAGGGTGTGTGAAGGGTTTTTAT  GCCACCACTCCTCACCTAGGT  TGGCCAAAGAAATAACCACTCCCACTGC  IRG1  CACAGAGAGCTTTGCTGGTATGA  TGCTCCTCCGAATGATACCAT  TCACGGCTTGAAAGTGAACCACCTGA  CD14  GGGCGAGAGAGGACTGATCTC  CGCAGCGCTAAAACTTGGA , and 0.1 ml of a standard (1,000 pg/ml) or sample was added to each well. After 2 h of incubation at room temperature, the plates were washed five times with wash buffer, and 100 l of a biotinylated detection antibody (50 ng/ml) in blocking buffer was added. The plates were then incubated for 2 h at room temperature and washed five times. Thereafter, 100 l of avidin-conjugated horseradish peroxidase in blocking buffer (according to the manufacturer's protocol; R&D Systems) was added, and the plates were incubated for 2 h at room temperature. Next, the plates were washed five times, and 100 l of TMB substrate-H 2 O 2 was dispensed into each well. After color development, the reaction was stopped by adding 100 l of 1 M phosphoric acid, and the optical densities of the wells at 450 nm were read by use of a Quant plate reader (Bio-Tek Instruments, Winooski, Vt.). For mouse lungs, TNF-␣, MIP-2, and LIX concentrations were normalized to the total protein concentrations in the samples, as measured by the Bradford assay (Bio-Rad, Hercules, Calif.). Data are expressed in picograms per milligram of total protein for lung tissue and in picograms per milliliter for BALF.
RESULTS

ALI induced by aerosolization of LPS.
Aerosolization of C57BL/6 mice with 300 g of LPS/ml for 20 min induced acute lung injury characterized by the infiltration of neutrophils and monocytes, edema, and parenchymal hemorrhage, as evidenced by cell counts and histopathology, in a time-dependent fashion (Fig. 1A to C) . In a similar manner, severe neutrophil infiltration was also observed in lungs by examinations of BALF during the course of LPS treatment, with maximal infiltration occurring at 8 h (Fig. 1E to G, I , and J). However, these pathological features were absent from lungs from control mice that were aerosolized with isotonic (0.9%) saline ( Fig. 1D and H) . 
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on February 23, 2013 by PENN STATE UNIV http://iai.asm.org/ submitted for publication). We selectively used 2-, 8-, and 24-h time points in our study since these time points provided clear differences in the histopathological appearances of lungs and in differential cell counts in BALF after LPS exposure. These characteristic findings led us to examine the genes promoting these features in the mouse lung. We therefore utilized microarray technology to determine the global gene expression patterns induced by LPS in mouse lungs from 1 to 24 h.
LPS-induced gene expression in lungs.
A total of six pairwise comparisons were performed between LPS-and salinetreated mouse lungs (1, 2, 4, 8, 12 , and 24 h). A total of 71 inflammation-associated genes were up-regulated between 2-and 472-fold by LPS at various time points (Table 1) . We selected only up-regulated genes since their gene products may serve as therapeutic targets to minimize the lung damage associated with ALI. However, the genes that were down-regulated by LPS in the lungs were changed less than fourfold and mostly represented genes associated with cellular metabolism (data not shown). The differentially expressed inflammationassociated transcripts were categorized into the following groups (Table 1) : (i) cytokine and/or chemokine genes, (ii) genes encode cytokine and/or chemokine regulation, (iii) other inflammatory response-associated genes, and (iv) genes encode transcription factors ( Table 1) .
Validation of LPS up-regulated genes by real-time RT-PCR and ELISA. The expression of selected genes that were identified as being differentially expressed by microarray analysis was validated by real-time RT-PCRs. We selected genes encoding the following proteins for validation: keratinocyte-derived chemokine (KC), MIP-2, MIP-3␣, interleukin-6 (IL-6), TNF-␣, immunoresponsive gene 1 (IRG1), interferon-induced protein 10 (IP-10), suppressor of cytokine signaling 3 (SOCS3), macrophage plasma membrane glycoprotein (CD14), and the LIX chemokine. These genes were chosen because they (i) encode critical mediators of lung inflammation (3), (ii) have distinct patterns of expression at various time points (Table 1) , and (iii) are from different functional categories (Table 1) . We selected the 4-h time point for RT-PCR experiments since most of the critical genes associated with ALI were significantly up-regulated at this time point. Our results showed that a strong positive correlation exists (r 2 ϭ 0.972) between microarray data and real-time PCR results in terms of the magnitude and direction of gene expression patterns (Table 3 and Fig. 2) .
We also validated the expression of LIX, TNF-␣, and MIP-2 by performing ELISAs. We selected the LIX, TNF-␣, and MIP-2 proteins because (i) they are transcriptionally regulated (29) , (ii) the TNF-␣ and MIP-2 proteins play an important role in the induction of lung injury by LPS (12, 18, 30) , (iii) TNF-␣ and MIP-2 regulate the neutrophil influx during ALI (24) , and (iv) LIX alone has been shown to be chemotactic to neutrophils in vitro (40) and to play a direct role in neutrophil accumulation in the myocardium during ischemia-perfusion injury (8) . In BALF, TNF-␣ and MIP-2 were up-regulated by LPS at 2 and 8 h, while LIX was up-regulated at 2, 8, and 24 h (Fig.  3A, B, and C) . In lung homogenates, TNF-␣ and MIP-2 were significantly up-regulated by LPS at 2 and 8 h, whereas LIX was up-regulated only at 2 h (Fig. 3D, E, and F) .
Role of LIX in induction of ALI. Our microarray and protein expression analyses revealed that LIX was up-regulated in LPS-treated lungs in a temporal manner. The role of LIX in the induction of ALI has not been determined in previous studies. We determined its role in the induction of ALI by using exogenous LIX alone (without LPS treatment) and a LIX blocking antibody prior to LPS treatment. Exogenous LIX alone, but not neutralized LIX, induced neutrophil accumulation in lungs at 8 and 24 h post-LIX treatment, as evidenced by total white blood cell (WBC) and neutrophil counts in BALF and MPO activities in lungs (Fig. 4) . Furthermore, the neutralization of LIX by a LIX blocking antibody at a concentration of 30 g per mouse, but not by an isotype-matched control antibody, markedly attenuated LPS-induced neutrophil influx in the lungs at 8 and 24 h (Fig. 5 ). These observations suggest that LIX plays a direct role in neutrophil influx in the lungs.
DISCUSSION
Understanding the pathogenesis of ALI is an important step toward designing early therapeutic interventions to minimize the mortality associated with lung damage. Identifying genes that are associated with the development of ALI may permit the design of treatment and prevention strategies to improve survival. The present study highlights the ability of microarray technology to define the expression of inflammatory genes in ALI in a temporal manner from 1 to 24 h by using LPS in a mouse model. Our results showed that 71 inflammation-associated genes were consistently up-regulated by LPS in a reproducible manner (Table 1 ). The expression of KC, MIP-2, TNF-␣, IL-6, MIP-3␣, IP-10, SOCS3, IRG1, CD14, and LIX was validated at the molecular level by real-time RT-PCRs. In addition, the expression of transcriptionally regulated genes, including LIX, TNF-␣, and MIP-2, obtained by microarray analysis was confirmed at the protein level by ELISAs. Furthermore, we have identified a role for a CXC chemokine, LIX, in the induction of ALI in a mouse model, and therefore LIX may serve as a novel therapeutic target to minimize the lung damage associated with ALI. To our knowledge, this is the first reported large-scale study to examine in a temporal manner the inflammation-associated genes in the lungs that are important for the murine model of ALI. Although LPS-induced lung inflammation is self-limiting in rodent models, this model mimics several key features of acute lung injury in humans (12, 21) . Total WBC and neutrophil counts, the histopathology of lung tissues, and the histology of BALF cytospin preparations confirmed previous observations with this model of ALI (21, 24) , in which LPS instillation into mice results in the influx of neutrophils and monocytes and severe inflammation in the lungs in a time-dependent manner (Fig. 1) . In addition, we found that this model is reproducible and therefore permits analyses of global gene expression by use of a limited number of microarrays.
The up-regulation of some of the lung inflammatory genes identified in the present study was documented in a previous study of transcriptional profiling by Okamoto et al. (25) . For example, IL-1␤, MIP-1␣, MIP-1␤, MIP-1␥, MIP-2, MCP-1, MCP-3, KC, TNF-␣, IL-1ra, CD14, orosomucoid 1, and serum amyloid 3 were previously demonstrated in mouse lungs at 24 h post-LPS treatment. However, we identified more inflammation-associated genes in mouse lungs since most of the genes peaked at 2 h and were minimally up-regulated or declined to basal levels at 24 h. The up-regulation of genes in response to LPS may reflect the recruitment of cells into the lungs as well A central event in the inflammatory response in the lungs in response to LPS is neutrophil accumulation (10) . Therefore, the cellular origin of the inflammatory genes in the lungs was of great interest. Our group (23) identified the up-regulation of IL-1␤, MIP-1␣, MIP-1␤, MCP-1, IL-8 (the mouse homologue is KC), IL-1ra, interferon-induced Mx 1 protein, phagocytic glycoprotein 1, and nuclear factor kappa B subunit p100 in human neutrophils in response to LPS at 4 h. Tsukahara et al. (36) identified the up-regulation of IL-1␤, Gro2 (the mouse homolog is MIP-2), and the oncogene JunB in human neutrophils in response to LPS. Since our results also demonstrated that these genes or homologs were up-regulated in mouse lungs in response to LPS, it is possible that these genes at least partly originated from lung neutrophils.
TLRs recognize microbes and/or their products (15) . The binding of E. coli LPS to CD14 and subsequently to TLR4 is the first and crucial step for initiating signaling, which accounts for its multiple biological effects, including the expression of cytokines and chemokines in the lungs (17, 19) . Although TLR4 was below the cutoff values for up-regulated genes by LPS in our studies (1.6-fold; data not shown), we have shown that CD14 was up-regulated in LPS-treated lungs in a temporal manner between 2 and 12 h post-LPS treatment (Table 1) , demonstrating an amplification step in LPS signaling. Okamoto et al. (25) also noted an up-regulation of CD14 in the lungs in response to LPS at 24 h, which was the only time point they studied.
TLR4 signaling involves two major adapter proteins, MyD88 (20) and Tirap (16, 41) . It has been shown that most cytokines and chemokines are induced via the MyD88 adapter protein upon LPS binding to TLR4 (20) . Our observations showed that LPS in the lungs up-regulates the expression of both of these adapters, indicating an amplification step in the LPS-induced signaling cascade in the lungs. It is important that, unlike Tirap, MyD88 was only up-regulated twofold. Furthermore, MyD88-independent signaling has been documented for the induction of interferon-dependent genes, including interferon-inducible protein 10 (IP-10) (17) . Our data indicate that IP-10 is upregulated by LPS, showing for the first time that E. coli LPS induces both MyD88-dependent and -independent signaling cascades in mouse lungs after LPS inhalation.
Numerous naturally occurring competitive cytokine and/or chemokine antagonists were up-regulated in a temporal manner in the lungs, along with cytokines and chemokines, by LPS (Table 1 ). Our findings showed that suppressors of cytokine signaling (SOCS3 and -4) are upregulated by LPS in the lungs in a temporal fashion. In this regard, earlier studies have shown that SOCS are implicated in the negative-feedback regulation of several signaling cascades, particularly the JAK/ STAT cascade, leading to the expression of various cytokines, including interferons (13) . It is important that our data show for the first time that STAT 1 is up-regulated by LPS, suggesting a role for STAT 1 in the expression of SOCS in the lungs. Furthermore, our findings demonstrated for the first time that IRF1 and -7 are up-regulated by LPS in murine lungs. In this context, studies have shown that interferon regulatory factors (IRFs) regulate the expression of interferons via an NF-Bdependent mechanism induced by LPS in various cells (11) . These observations bring up the notion that SOCS3 might be used to minimize the lung damage associated with LPS-induced ALI.
LIX, or CXC chemokine ligand 5 (CXCL5), was identified as a glucocorticoid-attenuated response gene (32) . Subsequent studies have shown that LIX mRNA is expressed in various tissues, including the lungs (29) . LIX is the sole mouse homologue of two human chemokines, epithelial cell-derived neutrophil-activating peptide 78 and granulocyte chemotactic protein 2 (28, 33, 34) . LIX has been shown to be chemotactic to neutrophils in vitro (40) and contributes to neutrophil accumulation in the myocardium in a rat model of ischemia-reperfusion injury (8) . With the present study, we have begun to demonstrate the expression of LIX in response to LPS at the protein level and to characterize its role in the induction of ALI. Our data show for the first time that LIX can be induced in the lungs by E. coli LPS at the protein level. In addition, the induction of LIX in lung cells in response to LPS provides a mechanism by which neutrophils can be recruited efficiently to inflamed lungs. In this context, it has been shown that neutrophil recruitment to the lungs is crucial for the induction of lung damage (3) . Therefore, LIX is a potential therapeutic target aimed at minimizing neutrophil-mediated inflammatory diseases, including ALI, for which LPS has been implicated as the etiologic agent.
In conclusion, we took advantage of microarray technology to demonstrate the up-regulation of inflammation-associated genes in a mouse model of ALI induced by LPS. The model mimics human ALI, and these findings will allow investigations of the inflammatory gene products identified by microarray analysis in a temporal manner that can modulate ALI. This large-scale differential gene expression study has identified several interplaying factors that modulate ALI at the molecular level. Furthermore, our microarray analysis has revealed a role for LIX in the induction of ALI. 
